Abstract: One of the main problems of orthogonal frequency division multiplexing (OFDM) is high peak-to average power ratio (PAPR). In this paper, a novel approach to alleviate the PAPR problem of OFDM is presented. A generalized OFDM (GOFDM) with frequency-domain equalization (FDE) is proposed. Various FDE techniques based on zero forcing (ZF), maximum ratio combining (MRC) and minimum mean square error (MM SE) are considered. The bit error rate (BER) performance of GOFDM in a frequency-selective fading channel is evaluated by computer simulation and compared with those of conventional OFDM and single carrier (SC) transmission.
INTRODUCTION
In mobile communication systems, the presence of many propagation paths with different time delays causes frequency-selective multipath fading, which produces inter-symbol interference (lSI) and degrades the transmission performance of the single carrier (SC) systems [1] . For improving the transmission performance, sophisticated time domain adaptive equalization techniques (e.g., maximum likelihood sequence estimation (MLSE) [1] ) have been considered. Recently, orthogonal frequency division multiplexing (OFDM) has been attracting much attention because of its robustness against frequency-selective fading and has been adopted in some wireless communications [2] . In OFDM, high-speed data is transmitted using a number of orthogonal subcarriers, where each modulated subcarrier bandwidth is narrow enough to experience frequency-nonselective fading. One of the main problems of OFDM signal is its high peak-to average-power ratio (PAPR). Because of this, power amplifiers, analog-to-digital (AID) and digital-to-analog (D/A) converters with a large dynamic range are required and they strictly limit the application of OFDM. Various approaches to reduce the PAPR have been proposed. Coding technique was proposed that significantly reduces the P APR [3] ; but, as the number of subcarriers increases, the design of low P APR codes while keeping a reasonable coding rate becomes difficult. Until now, the clipping and filtering of OFDM signal is the simplest technique for the reduction of the P APR [4] . Although these techniques considerably reduce the P APR, they degrade the BER performance. Now we can state a problem: Can we design a simpler transmission system, 0-7803-8549-7/04/$20.00 © 2004 IEEE which reduces the P APR while improving the BER performance? In OFDM, the P APR is proportional to the number of subcarriers. A simple approach may be to reduce the number of subcarriers but to keep the data rate the same. However, this approach decreases the bandwidth efficiency since the guard interval (GI) length needs to be the same. For overcoming the PAPR problem of OFDM, we propose a novel OFDM, called generalized OFDM (GOFDM). In GOFDM, multiple OFDM signals with reduced number of sub carriers are time-multiplexed in the GOFDM frame which is equal to the time window of fast Fourier transform (FFT) of conventional OFDM, therefore keeping the transmission data rate the same. The GI is inserted per one GOFDM frame. Viewing the GOFDM signal as a SC signal, we can apply various frequency domain equalization (FDE) techniques [5] based on zero forcing (ZF), maximal ratio (MR), and minimum mean square error (MM SE). They are used in multicarrier code division multicarrier access (MC-CDMA) [6, 7] and quite recently in direct sequence CDMA (DS-CDMA). The GOFDM bridges OFDM and SC transmission; GOFDM becomes SC when the number of subcarriers is reduced to one and becomes conventional OFDM when the number of subcarriers is equal to the FFT window size. Remainder of this paper is organized as follows. In Sect. 2, the GOFDM is presented. Sect. 3 evaluates the BER performance of GOFDM by the computer simulation in a frequency-selective Rayleigh fading channel and then, compares it with those of the conventional OFDM and SC transmission. Sect. 4 provides some conclusions and future work.
GOFDM TRANSMISSION SYSTEM MODEL

GOFDM Signal Generation
The GOFDM transmitter/receiver block diagram is illustrated in Fig. l . Throughout the paper, the FFT sample spaced discrete time signal representation is used. The sequence of Nc data-modulated symbols {d(i); i=O�Nc-l} with I d(i)l= 1 is to be transmitted during one GOFDM frame (equal to the fast Fourier transform (FFT) time window length), where Nc is the number of subcarriers in the conventional OFDM. Data-modulated sequence {d(i)} is divided into Kblocks of Nm=NcfK The Nm-point inverse FFT (IFFT) is applied to each data block to generate a sequence of K OFDM signals with Nm subcarriers during one FFT time window. The transmission data rate of GOFDM is kept the same as that of conventional OFDM. The GOFDM signal can be expressed using the equivalent lowpass representation as
k�O for t=O�Nc-l, where J' (t) is the k-th OFDM signal with Nm subcarriers, given by for t=O�Nm-l, where Ec and Tc represent the total signal energy per symbol and u(t)=I(O) for t=O�Nm-l (elsewhere) Before transmission, the last N g samples in the GOFDM frame of Nc samples are copied as a cyclic prefix and inserted at the beginning of the frame as the guard interval (GI) (see Fig. 2 ). Note that when K=l, the GOFDM signal reduces to the conventional OFDM signal with Nc subcarriers and when K=Nc, the GOFDM signal reduces to SC signal. Therefore, knowing that P APR is proportional to the number of subcarriers, P APR of the GOFDM signal is reduced by a factor of K=NcfNm in comparison to the conventional OFDM signal. Figure 2 . GOFDM frame structure.
Received signal and frequency-domain equalization
The GI-inserted GOFDM signal set) = s(t) , t=-N c Nc-l, is transmitted over a frequency-selective fading channel. The fading channel is assumed to be composed of Tc-spaced L discrete propagation paths. We assume a block fading, where the path gains remain constant at least one GOFDM frame including GI (i.e., a duration of Nc+Ng samples).
The l-th path gain and time delay are denoted as hi and lTc, respectively. Discrete-time impulse response h(t) is given as
I�O where E{� lh I 1 2 } = l with E{e} representing the ensemble average operation and 8.t) is delta function. The received GOFDM signal can be represented as
for t=-N C Nc-l, where 17Ct) is the zero-mean noise sample with a variance of 2NoiTc due to the additive white Gaussian noise (A WGN) with single-sided power spectrum density No. After removing the GI from the received signal, the received signal {rCt); t=O�Nc-l} is decomposed into Nc subcarrier components {R(n); n=O�Nc-l} by applying Nc-point FFT:
where Sen), H(n) and Q(n) are the GOFDM signal spectrum, the propagation channel transfer function and the noise spectrum, respectively, and they are given by Then, one-tap FDE is carried out as R(n) = S(n)if(n) + Q(n) , (7) where w(n) is the equalization weight for the n-th subcarrier and
We apply ZF, MRC or MMSE equalization [6, 7] .
forMMSE where * denotes the complex conjugate operation.
GOFDM Signal Demodulation
By applying Nc-point IFFT to the equalized subcarrier components {R(n)}, we obtain the time-domain GOFDM signal ret) :
Nc n�O Nc (10)
for t=O�Nc-l, where r k (t) is the recovered k-th OFDM signal with Nm subcarriers. Then, Nm-point FFT is applied to r k (t) to obtain for i=O�Nm-l and k=O�K-l, which is the soft decision variable for data demodulation. The BER performance of GOFDM is evaluated by computer simulation and compared with conventional OFDM and SC transmission. Table 1 summarizes the simulation condition. Quadrature phase shift keying (QPSK) data modulation, Nc=256 and N g =32 are assumed. The fading channel is assumed to be L= l6-path frequency-selective Rayleigh fading channel having exponential power delay profile with decay factor �. Ideal channel estimation is assruned. (Fig.3(b) ), the frequency-nonselective channel is perfectly restored, but a large noise enhancement is observed at the subcarriers where channel gain drops. For MRC-FDE (Fig.3( c) ), the noise enhancement is suppressed, but the channel frequency selectivity is enhanced. With MMSE-FDE (Fig. 3( d) ), perfect restoration of channel frequency-nonse1ectivity is not achieved, but the large noise enhancement is avoided. Reducing the frequency-selectivity and the noise enhancement are in trade-off relation. Both the frequency selectivity and noise affect the BER performance with FDE. In the following, we will examine the achievable BER performances with ZF, MRC and MMSE equalizations. The average BER performances of the GOFDM with ZF-, MRC-and MMSE-FDE are illustrated in Fig. 4 as a 
function of the average EblNo for various values of K (K=1�256).
For comparison, the average BER performances of conventional OFDM (K=l) and SC (K=256) are also plotted. Since ZF-FDE perfectly restores the frequency-nonselective channel, its BER performance is almost insensitive to K, but the BER performance is not improved due to the noise enhancement, as already stated. On the other hand, as K increases the BER performance with MRC-FDE degrades rapidly and exhibits error floors due to the enhanced frequency-selectivity. MMSE-FDE takes advantage of frequency diversity effect (i.e., the probability that the received signal powers at different subcarriers fade simultaneously is reduced considerably as the channel frequency-selectivity becomes stronger). Therefore, MMSE-FDE provides the best BER performance because the noise enhancement is avoided by giving up perfect restoration of channel frequency nonse1ectivity. The GOFDM becomes the conventional OFDM when K=l and the SC when K=256. From FigA, it is clear that the BER performance with MMSE-FDE improves gradually as K increases while ZF-and MRC-FDE degrade the BER performance. The worst BER performance is provided when K=l (conventional OFDM transmission), while the best BER performance is achieved when K=256 (SC transmission). The gain of the GOFDM in the required EblNo value for the average BER=1O-4 over the conventional OFDM is about 2.5 dB and 19.5 dB when K=2 and 256, respectively (see FigA( c) ). In the following, only MMSE is considered. As K increases, the BER performance improves due to the enhanced frequency diversity effect. The impact of channel frequency-selectivity is shown in Fig. 5 . As the channel becomes more frequency-selective (as the value of � decreases), the BER performance improves due to the larger frequency diversity effect (i.e., better BER performance is obtained with �=O dB than with �=2, 4 or 10 dB). The reduction in the required EblNo for achieving BER=1O-4 when �=O dB from the case when the �=2, 4 and 10 dB is approximately 2.5, 2.5 and 5 dB, respectively. 
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CONCLUSIONS
In this paper, a novel GOFDM with FDE was proposed.
To alleviate the high PAPR problem of the conventional OFDM, multiple OFDM signals with reduced number of subcarriers are time-multiplexed in the GOFDM frame during the FFT time window. It has been shown that GOFDM achieves a better BER performance in comparison to the conventional OFDM. The BER performance improvement of GOFDM is achieved by exploiting the frequency diversity effect. It has been found that the BER performance of GOFDM is bounded between the conventional OFDM (as upper bound) and the SC (as lower bound).
